High-definition fiber tractography and language
To The ediTor: We read with great the interest the recent article by Maruyama et al. (Maruyama K, Koga T, Kamada K, et al: Arcuate fasciculus tractography integrated into Gamma Knife surgery. Clinical article. J Neurosurg 111:520-526, September, 2009). The authors are to be particularly commended for pioneering the integration of diffusion tensor-based tractography into Gamma Knife surgery (GKS). 6, 7 In this article, the authors reported their results with the retrospective integration of the left arcuate fascicle tractography in 12 right-handed patients with left perisylvian arteriovenous malformations that were treated with GKS. As a conclusion, the authors stated that the administration of a 10-Gy radiation dose was tolerated in the frontal but not in the temporal fibers of the arcuate fascicle.
Fiber tractography is already an established imaging technique with multiple applications in neurosurgery and neuroscience.
3 However, diffusion tensor-based tractography has several limitations including poor detailing of fiber tracts, fibers ending in white matter before contacting the cortical mantle, an inability to solve fiber crossings, excessive false continuity, and the inability to follow bundles within fiber tracts. 1, 3, 8, 9 High-definition fiber tractography (HDFT) has been recently developed by the application of novel pulse sequences and processing algorithms, such as high-angular resolution diffusion imaging and diffusion spectrum imaging (DSI). 1, 9 High-definition fiber tractography is characterized by high detailing of fiber tracts, the fact that fibers can be followed to the end point, the ability to follow fibers through crossings, reduced false continuity, and the ability to follow bundles within fiber tracts (Fig. 1 upper) . At our institution, we have been using HDFT for precise neuroanatomical studies of the white matter connectivity and for meticulous presurgical planning of selected neurosurgical cases.
The connectivity of language cortical areas (Broca and Wernicke) through the language pathways has been one of our primary research focuses. Based on the results of subcortical intraoperative stimulation studies, Duffau et al. 2 described the ventral and dorsal language pathways. The dorsal or phonological pathway corresponds to the arcuate fascicle, while the ventral or semantic pathway corresponds to the inferior occipitofrontal fascicle. Recently, investigators have tried to demonstrate the ventral language pathway using HDFT with partial success. They were not able to show the cortical terminations of the fibers that connect the Broca and Wernicke areas, and they have considered this ventral pathway as equivalent to the so-called extreme capsule. 5 In our surgical planning laboratory, we have been able to demonstrate the cortical terminations of the dorsal and ventral language pathways into the Broca and Wernicke areas by integrating functional MR imaging with HDFT ( Fig. 1) . Importantly, the ventral semantic pathway travels within the inferior occipitofrontal fascicle and crosses the ventral external and extreme capsules, 3,4 and therefore is not equivalent to the extreme capsule, an error of interpretation imported from white matter tracing studies in the monkey. 8 The main conclusion of the report by Murayama et al. is that the temporal fibers of the arcuate fascicle are more sensitive to radiation than the frontal fibers because one of their patients developed naming disturbances after treatment. By analyzing the location of the temporal arteriovenous malformation that was treated, the dosimetry map, and the reconstruction of the arcuate fascicle in this patient, we are convinced that the naming deficit was due to radiation-induced damage to the ventral language pathway (inferior occipitofrontal fascicle) and not to the temporal fibers of the arcuate fascicle. Naming errors are typically elicited by intraoperative electrical stimulation of the left inferior occipitofrontal fascicle, and not the arcuate fascicle, 2 and the lesion and dosimetry map are clearly located ventral to the Wernicke area. Highdefinition fiber tractography allows for accurate white matter studies with great potential to improve presurgical planning in neurosurgery, including GKS. We encourage the authors to continue their pioneering work by applying HDFT into GKS. reSPonSe: Dr. Fernandez-Miranda et al. have provided valuable comments concerning our article by introducing the results of their recent achievements with illustrative figures. They radiologically identified the ventral semantic pathway traveling within the inferior occipitofrontal fascicle and crossing the ventral external and extreme capsules by using HDFT. This technical advancement is so innovative that we have not yet succeeded in separating such fibers by the technique at our institution. Although contemporary progress in diffusion tensor tractography is remarkable as such, it is sometimes difficult to identify the anatomical structures of the brain that are responsible for patients' language dysfunction arising after a series of treatment, unlike the brain functions that are composed of relatively simple fibers such as the pyramidal tract or the visual pathways. This is because language processing requires the participation of not only the arcuate fasciculus but also a distributed neural system in the dominant hemisphere, as discussed in our original article. Systematic mapping of the brain white matter relating the language function might solve this problem, but it has not yet been clarified sufficiently. According to the study by Duffau et al., 1 intraoperative electrical stimulation of the inferior occipitofrontal fascicle caused semantic paraphasia, and stimulation of the arcuate fasciculus caused phonetic paraphasia. Since semantic paraphasia means naming disturbance, it is possible that Broca aphasia in that occurred in one of our cases might be caused by the radiation injury of the inferior occipitofrontal fascicle. However, to truly prove this fiber to be responsible for radiation-induced naming disturbance, we need to perform further white matter mapping after integration of the visualized tractography into neuronavigation by using a novel technique such as high-angular resolution diffusion imaging. At our institution, we clarified that stimulation of the superficial portion of the white matter in the frontal fibers of the arcuate fasciculus caused semantic paraphasia. 2 Thus, expanded investigation of white matter mapping will be the key to determine the cause of treatment-related neuropathy and, at the same time, to achieve more sophisticated treatment of brain lesions in the future. We hope the integration of white matter tractography into treatment planning of stereotactic radiosurgery, as presented by our recent articles, would be followed, verified, and improved further by experts in white matter anatomy collaborating with specialists in stereotactic radiosurgery. 
